The comparison of the free precession of co-located 3 He-129 Xe spins (clock comparison) enables us to search for very tiny nonmagnetic spin interactions. With our setup we could establish new limits for Lorentz invariance violating interactions of spins with a relic background field which permeates the Universe and points in a preferred direction in space.
Experimental setup and principle of measurement
In our experiments we employ polarized 3 He and 129 Xe as nuclear spin clocks. The two polarized gas species at pressure of order mbar are filled in a low-relaxation spherical glass cell with diameters between 6 cm and 10 cm together with nitrogen, which acts as buffer gas. The cell is positioned in the center of a homogeneous static magnetic field of about 400 nT. The field is generated by means of Helmholtz coils, which are mounted inside the 7 layer magnetic shield of BMSR-2 at the PTB in Berlin. Details of the setup are given in Refs. 1 and 2. At that field strength, the Larmor frequency of 3 He is about ω He ≈2π·13 Hz and ω Xe ≈2π·4.7 Hz respectively. To measure these low precession frequencies, we use low-noise low-temperature DC-SQUID gradiometers as magnetic flux detectors. Due to the very low field gradients of order pT/cm at the location of our cell, we reached T * 2 times of 8h for 129 Xe and up to 100h for 3 He. 3 Therefore we can measure the free induction decay over a period T of one day, thanks to a measured signal-to-noise ratio of SNR > 3000:1 per √ Hz. This long measurement period is important because the final statistical frequency error of our clock comparison experiments is proportional to T −3/2 according to the Cramer Rao lower bound (CRLB).
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To be sensitive to tiny nonmagnetic interactions, we must calculate the weighted difference of the respective Larmor frequencies of the co-located spin samples or the corresponding time integral, the Larmor phases,
The weighting coefficient is γ He /γ Xe = 2.75408159(20). In doing so, magnetic field fluctuations are cancelled. For the purpose of data analysis, we cut each run in subdata sets of 3.2 s time span. For each subdata set we extract both phase and amplitude of each spin species by fitting appropriate functions (for details, see Ref. 4) . From these phase values we can extract the accumulated phases and with it the corresponding phase difference ∆Φ(t). We reached with our last measurements in 2012 a phase sensitivity of ∆Φ=0.3 mrad or ∆ω = 2π·40p Hz. On a closer look, at that accuracy level, ∆Φ is not a constant in time, as Eq. (1) 
In Eq. (2), the linear term a lin has two contributions. One is trivial and stems from Earth's rotation. The other is caused by chemical shift, a correction for the finite density of the gases. The terms with a He and a Xe account for the Ramsey-Bloch-Siegert shift. 5 Each spin feels the magnetic moments of the other precessing spins of the same gas species that are slightly detuned in frequency due to magnetic field gradients (self-shift). Its value is proportional to the particular net magnetization of the spin species and decays therefore with the corresponding effective T * 2 time of the free induction decay. Finally the last two terms of Eq. (2) take into account the shift due to the interaction of the spin species among each other (cross-talk). This interaction can be seen as a generalization of the well known Bloch-Siegert shift 6 and therefore its value is proportional to the magnetization squared. We determine the T * 2 times independently by fitting the amplitude data of a run to an exponential. With the knowledge of both, the exact SQUID geometry and the geometry of the cell, we are also able to calculate from these fit results the b coefficients of the BlochSiegert shift (see Eq. (2)). In contrast, we have no precise enough model for calculating the corresponding a coefficients. As a consequence, we have to include the amplitudes of the linear term and the self-shift terms as free parameters while fitting the phase data. Now we consider a search for a finite nonmagnetic interaction. We include this interaction by adding an appropriate term ∆Φ nonmag (t) to Eq. (2). Depending on the time dependence of ∆Φ nonmag (t), the amplitude of this term may be strongly correlated with the values of the a coefficients of Eq. (2), which we have also to include as free parameters into the fit, too. Therefore, careful correlation analysis of the fit parameters is mandatory. For high correlations, the sensitivity to nonmagnetic very weak interaction is reduced compared to the CRLB calculation. 
Constraints on a Lorentz invariance violating interaction
In the context of the Standard-Model Extension (SME), possible interactions between the spin of a bound neutron and a relic background field are discussed. To determine the leading-order effects of a Lorentz violating potential V , it suffices to use a nonrelativistic description for the particles involved given by V =b n x,y,z · σ n x,y,z . 8 We search for sidereal variations of the frequency of co-located spin species while the Earth and hence the laboratory reference frame rotates with respect to a preferred inertial frame. The observable to trace possible tiny sidereal frequency modulations is again the combination of measured Larmor frequencies (see Eq. (1)) and the weighted phase differences, respectively. Details of the setup and data analysis of our first run are given in Ref. 4 . For the purpose of data analysis we had to add a sidereal modulation to the fitting function of Eq. (2) with
(3) In this equation, Ω SD is the angular frequency of the sidereal day and ϕ SD represents the phase offset at the beginning t 0 of the first run. From that, the fit results for the amplitudes a s and a c as well as the RMS magnitude of the sidereal phase amplitude Φ SD = a 2 s + a 2 c could be extracted. In terms of the SME 8 we can express the sidereal phase amplitudes according to a s(c) = 2π/Ω SD · υ X(Y ) with 2π|δυ X,Y | = |2 (1 − γ He /γ Xe ) sin χb n X,Y |, where χ is the angle between the Earth's rotation axis and the quantization axis of the spins. In Table 1 upper limits of the equatorial componentb 
Conclusion
Nuclear spin clocks, based on the detection of free spin precession of gaseous, nuclear polarized 3 He or 129 Xe samples with a SQUID as magnetic flux detector can be used as ultra-sensitive probe for nonmagnetic spin interactions, since the magnetic dipole interaction (Zeeman term) drops out in case of co-located spin samples. With the long spin-coherence times, measurements of uninterrupted precession of T ∼ 1 day can be achieved at the present stage of investigation. With an appropriate setup we also establish new limits for the pseudoscalar spin unpolarized matter interaction mediated by axion-like particles. 7 As the next challenging step, we want to employ this method for the search for an electric dipole moment of 129 Xe.
